Accurate knowledge of transmission line (TL) impedance parameters helps to improve accuracy in relay settings and power flow modeling. To improve TL parameter estimates, various algorithms have been proposed in the past to identify TL parameters based on measurements from Phasor Measurement Units (PMU's). These methods are based on the positive sequence TL models and can generate accurate positive sequence impedance parameters for a fully-transposed TL when measurement noise is absent; however these methods may generate erroneous parameters when the TL's are not fully-transposed or when measurement noise is present. PMU field-measure data are often corrupted with noise and this noise is problematic for all parameter identification algorithms, particularly so when applied to short transmission lines. This paper analyzes the limitations of the positive sequence TL model when used for parameter estimation of TL's that are untransposed and proposes a novel method using linear estimation theory to identify TL parameters more reliably. This method can be used for the most general case: short/long lines that are fully transposed or untransposed and have balanced/unbalance loads.
INTRODUCTION
Accurate transmission line (TL) impedance parameters are of great importance in power system operations for all types of system simulations, such as transient stability, state estimation etc., and are used as the basis for protective relay settings. TL parameters in the past have been estimated by engineers based on the tower geometries, conductor dimensions, estimates of actual line length, conductor sag, and other factors [1] . These calculated parameters are based on assumptions and approximations.
With the development of the PMU technology, synchronized phasors offer the possibility of allowing accurate estimation of transmission line parameters. Accurate knowledge of TL impedance parameters helps to:
 Improve accuracy in relay settings.
re-conductoring of the line, etc.
Several methods have been proposed in the past to identify TL parameters using PMU measurements [3] [4] [5] [6] .
One two-port ABCD parameter based method is proposed in [3] . This method utilizes two samples of synchronized measurements 2 from each terminal of the TL to identify the ABCD parameters; from these chain parameters the impedance parameters can be calculated. In this work, we refer to this method as the "two measurement method."
Another simpler method proposed in [4] requires only one sample from the two terminals of a TL to calculate the TL impedances directly; this method is henceforth referred to as the "single measurement method"
by the authors. Both methods in [3] and [4] have drawbacks. First they do not perform well when there is noise in the phasor measurements. Second, these methods are based on the positive sequence TL model which is suitable only for fully transposed TL's; when the TL's are untransposed or not fully transposed, applying these methods will lead to considerable errors in the calculated parameters.
Reference [5] proposes a method based on the distributed TL model and uses nonlinear estimation theory to generate an optimal estimator of the fault location and TL parameters. With redundant sampling of measurements, this method reduces the effects of random noise to errors in the calculated parameters, but this method still has limitation since it is based on the positive sequence TL model only and neglects the unbalance in the system.
It is well known that for fully transposed TL's, the three sequence networks are completely decoupled and the positive sequence impedance parameters are determined by only the positive sequence voltages and currents.
However, for untransposed TL's or TL's that are not fully transposed, the three sequence networks will be mutually coupled; using only the positive sequence measurements in these cases to estimate the positive sequence parameters will generate inaccurate parameter estimates.
In this paper, the limitation of positive sequence TL model for the purposes of parameter estimation is addressed and a novel method is proposed. The new method can be used to identify TL parameters for the most general case: short/long transposed/untransposed lines with balanced/unbalanced load conditions. The method can be used to calculate the parameters for both short TL's with the nominal pi model and long TL's with an equivalent pi model. The new method is based on the linear estimation theory and employs multiple PMU measurements; it generates satisfactory results even when the measurements are corrupted with noise.
This paper is organized as follows: Section 2 introduces the single and double measurement methods.
Derivation of the new method is presented in section 3 along with a discussion of the limitations of the using the positive sequence TL model for parameter estimation. In section 4, several case studies based on simulated data from ATP are introduced and the effectiveness of the new method is validated. The main conclusions of the work are summarized in section 5.
THE SINGLE AND DOUBLE MEASUREMENT METHODS
A general three phase TL model is shown below in Figure 1 , where The voltage and current variables in the equations above are all phase-frame-of-reference quantities. In order to transform these quantities to sequence-frame-of-reference quantities, we need to apply the phase-to-sequence transformation matrix, which is defined as: The following relationships then hold between the phase quantities and sequence quantities:
By multiplying both sides of (1) and (2) by the matrix 1 
A
, these equations can be rewritten as: 
For fully transposed transmission lines, there are two independent components in the phase series impedance matrix, . The phase-frame-of-reference series impedance matrix has the following form:
As a result, the sequence series impedance matrix for a fully transposed line is well known to be diagonal of the form: The sequence shunt susceptance matrix is also found to be diagonal following the same derivation.
Therefore, each of (3) and (4) can be broken up into three independent equations, of which the positive sequence equations are:
This means that the sequence networks are fully decoupled and the positive sequence impedance parameters are only determined by the positive sequence voltages and currents. Hence, as is well known, for fully transposed TL's and perfect measurements (without noise), we can get accurate positive sequence impedance parameters using only the positive sequence phasor measurements even if the currents flowing through the transmission line are unbalanced.
As mentioned earlier, two parameter estimation methods based on this positive sequence model have been proposed; the single measurement and double measurement methods. The single measurement method [4] is derived by solving (7) and (8) (10) Compared with the single measurement method, the method proposed in [3] (referred to in this paper as the double measurement method) utilizes two sample of measurements and calculates the impedance parameters using a two step procedure. First the ABCD parameters of the TL are estimated using the following chain parameter equations, which is based on the two-port network model [1] : 
AN OPTIMAL PARAMETER ESTIMATION METHOD FOR UNTRANSPOSED LINES
The limitation with the single and double measurement methods (as we will show later) is that they are sensitive to noise [4] , and are found lacking when the transmission line is untransposed and operated under unbalanced conditions. One objective of this paper is to arrive at an optimal parameter identification method that not only is less sensitive to noise, but also is applicable to the case where the TL's are untransposed.
Following a derivation similar to that of the previous section, when the transmission line is not fully transposed, the sequence impedance matrix has the following form: 
where Z ij (i≠j) is the mutual impedance between different sequence networks.
This result is well known: For a TL that is untransposed or not fully transposed, the sequence impedance matrix is not diagonal and there is mutual coupling between the three sequence networks. As a result, we will have to take into account of the effects of negative and zero sequence components when we calculate the positive sequence impedances under balanced/unbalanced loading conditions.
Description of the proposed model
In the 3-phase TL nominal/equivalent pi model, the shunt admittance matrix is comprised of two parts: the shunt conductance (real part) and the shunt susceptance (imaginary part). Compared to shunt susceptance, shunt conductance is negligible, and thus, in the proposed method, it is neglected. Equation (1) and (2) 
Further expanding equation (29) and (30) yields 6 complex equations:
is a complex number, we define:
For the purpose of obtaining an optimal estimate of the y and B parameters in (31)~(36), we expand these 6 complex equations into 12 real equations. Due to limited space, these 12 real equations are not listed here but can be found in APPENDIX A and the detailed derivations are presented in [7] . The discussion below is based on these 12 real equations.
In order to generate a simple and uniform expression for the problem, the following definitions are made:
Define X to be the measurement vector, which is known and can be calculated from the PMU measurements. That is,
where Re(.) and Im(.) yield the real and imaginary part of the input argument, respectively.
Define to be the unknown parameter vector, which is composed of the unknown impedance parameters.
That is,
From the definition (37), we may further define a measurement vector: ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  [   24  18  22  16  20  14  24  22  20  17  23  15  21  13  19  23  21  19 (39) Based on the definitions above, we further arrange these 12 equations into matrix format as:
where H is a matrix formulated from the 12 equations referenced above and contains measurements. And the measurement vector, Z, contains PMU voltage and current measurements [7] .
Proposed optimal estimator
In order to estimate the parameters for a TL, all methods previously discussed require 3-phase voltage and current PMU phasors measurements from both terminals of the line. We will refer the phasor measurements taken at one time instant as one sample. The relationships among the values in one sample are described by (40).
That is, 12 real equations are needed to describe the interdependencies of one sample. Using multiple samples of PMU measurements, the underdetermined set of equations, (40), becomes an overdetermined set of equations and state estimation techniques can be used to estimate the TL's parameters.
Assuming N PMU samples taken at N distinct time instants are available, we can set up 12*N equations, causing , , H Z to have the following dimensions respectively: 12*N by 1, 12*N by 18, 18 by 1. And finally we arrive at a typical over-determined linear state estimation problem. Using the unbiased least square estimator [8] , the best estimation of the unknown vector is found to be:
Once is known, the phase impedance parameters can be retrieved easily based on (38). After the phase impedance matrix is calculated, applying the sequence transformation matrix will yield the sequence impedance parameters. The equations used here are shown below:
For noisless PMU measurements, only two PMU samples are needed to calculate the impedance parameters accurately. Otherwise, multiple PMU samples are necessary to increase the redundancy so that linear estimation theory and bad data detection and elimination can be conducted. Classical methods for bad data detection can be found in [8] [9] [10] .
In the classical methods, bad data are identified primarily based on the study of the model scaled residuals.
First, all the data are utilized to conduct the parameters' estimation. The scaled residuals for each sample of measurements are checked. The samples containing large unexpected errors will have scaled residuals much larger than the average variance, which actually can help to identify those bad PMU data samples. After removing these bad data, the linear estimation technique is utilized once again to calculate the impedance.
Case studies showing how this method compares with the single and double measurement methods will be presented in the next major section. In the next subsection we show how this method can be modified to account for mutual coupled TL's.
Application of the model to mutually coupled TL's
Many transmission lines are located adjacent to each other, or are under-built with lower voltage transmission/distribution lines. These adjacent or under-build lines induced voltages which skew the PMU measurements. These induced voltages cause the estimated impedance parameters to be erroneous when the methods utilizing only the positive components are used. And these errors are considerable if the mutual coupling is significant and the TL is not fully transposed [7] . We show next that the method proposed here may be modified to compensate for the voltages induce by the mutually coupled TL's. This idea was tested and satisfactory results were obtained in [7] . Due to the space limitation, detailed information and test results will not be presented in this paper.
CASE STUDIES
In this section, 3 case studies are presented to demonstrate the procedures and validate the effectiveness of the proposed method. The Alternative Transients Program (ATP) is employed to build a 3-phase transmission line model and to generate synchrophasor measurements [11] . One 230 kV transmission line is simulated using typical physical parameters (e.g., tower geometry, conductor type) obtained from Salt River Project (SRP)
[APPENDIX B]. The transmission lines are built in ATP using the LCC objects. The LCC subroutine automatically calculates the impedance parameters of the TL's once the physical parameters are input. These impedance parameters calculated by the LCC subroutine are taken as the true parameters of the TL's, and are used as reference values to be compared with the calculated parameters.
Because the method we propose requires redundant measurements obtained from different loading conditions, a time varying load is modeled on the receiving-end of the transmission lines. The load curve is set to be sinusoidal with a period of 24 hours. It varies between one 20% to 80% of the maximum line capacity. To make sure that each sample represents a different load condition, samples are taken every five minutes.
Another objective of this section is to demonstrate the limitation of the positive sequence TL model when applied to parameter estimation of untransposed TL's. In order to do that, two algorithms proposed in [3] and [4] are employed to calculate the impedance parameters for an untransposed TL with unbalanced loading conditions. The results obtained from these two algorithms are compared with the results from the proposed method.
Case for the fully transposed TL
To validate the proposed parameter estimation method, the following experiment was conducted. A 14.5-km-long completely transposed TL with the parameters shown in Appendix A was modeled in ATP with a diurnal sinusoidally varying load as described above. Voltage and current phasors for 200 different loading conditions were sampled from the ATP output and no noise was added to these measurements. These measurements served as input to the method proposed and the parameters that characterize the transmission line are estimated. Since the line is fully transposed, there are six non-zero parameters that represent the TL; these are: the positive, zero and negative sequence series impedances and shunt susceptances. Applying the proposed method to the simulated synchrophasor measurements, the results shown in Table I are obtained.
As expected, Table I shows that accurate estimates are achieved by the proposed method. The other mutual impedances (e. g., 10 Z , 12 Z ) not shown are calculated by the algorithm but are essentially zero as expected.
Case for the untransposed TL
In section 2, this paper illustrates the limitation of the positive sequence model and the methods based on this model. In this subsection, the methods proposed in reference [3] and [4] are tested with synchrophasor data obtained from one untransposed TL with unbalanced load. This experiment was the same as that described in Section 4.1 except the line was untransposed and the load was unbalanced. In the simulation with 14%
unbalanced loads were applied to the TL. The degree of unbalance is defined in this paper as the ratio of negative 
I I
). The results for these two methods are shown in Table II and Table III , which show inaccurate impedance parameters are calculated for untransposed line with unbalanced load when the single and double measurement methods are used. The performance of the proposed method is evaluated for the same TL with the same degree of 14% unbalance. Since the TL is untransposed, the impedance matrix calculated is a full matrix. The results are shown in Table IV , where close agreement can be found between the reference values and the optimal estimates. It should be noted that, with the proposed method, not only the diagonal elements but also the non-diagonal elements in the impedance matrix can be calculated accurately.
Case for untransposed TL with noise in the measurements
PMU data are time tagged with accuracy of better than 1 microsecond and magnitude accuracy that is better than 1%. However, this potential performance is not achieved in actual field installations due to unbiased random measurement noise and biased errors from instrumentation channels [2] , [12] . Figure 2 shows the magnitude and phase angle of voltage phasor measurements taken from a PMU. As shown in the two plots, there are spikes and complex measurement noise behavior in the phasor measurements. The spikes in the plots represent bad data, which may be removed through bad data detection techniques [8] [9] [10] . However, many times, it is very difficult and may even be impossible to filter out all data corrupted with noise. As will be shown, the single and double measurement methods are sensitive to this noise, where as the optimal parameter estimation algorithm is able to reduce the effects of this noise on the parameter estimation.
Another complication brought on by noise is that its effect on parameter estimation is more pronounced on shorter transmission lines. To examine the effect of noise on parameter estimation in general and its effect on line length in particular, we conducted experiments to explore the relationship between the accuracy of the estimated parameters and the length of transmission line under noisy measurement conditions. The noise considered was Gauss noise with 0 mean and 1% standard deviation. For a certain length of transmission line, we ran the ATP simulation of the untransposed line and obtained N samples of the synchrophasor measurements.
These N samples of measurements are referred to as one set of measurements. Then we added different noise vectors to the synchrophasor measurements to form M different sets of measurements. And then we applied the proposed method and the single and double measurement methods to each set of the noisy measurements to estimate the impedances of the TL. By applying these methods to the M different sets of noisy measurements, we generated different estimates of the impedance parameters for the transmission line described in APPENDIX B. Assuming that the impedance parameters estimated this way were normally distributed, we calculated the 95% confidence interval of these parameters, that is, the range in which our estimated parameter fell 95% of the time. We repeated this process for different lengths of transmission lines so that we could obtain the confidence intervals of the impedance parameters for different lengths of TL's.
The standard deviation of the error in the R parameter versus length of the transmission line is shown in single-measurement method in [4] double measurement method in [3] proposed method single-measurement method in [4] double measurement method in [3] proposed method single-measurement method in [4] double measurement method in [3] proposed method , these 12 equations can be written as: where Re(.) and Im(.) yield the real and imaginary parts of the input argument, respectively.
APPENDIX B
The physical parameters (e.g., tower geometry, conductor type) of the transmission line used in the simulations as described in section 4 are shown in Table B .I. The soil resistivity is assumed to be 100 m ohm in the simulation. 
